Frequency-domain equalization (FDE) can take advantage of the frequency-selectivity of the channel to improve the transmission performance in a frequency selective fading channel. To further improve the transmission performance, the transmit diversity technique can be used. Cyclic delay transmit diversity (CDTD) can strengthen the frequencyselectivity while space-time transmit diversity (STTD) can achieve the antenna diversity gain. In this paper, we propose a 4-antenna space-time cyclic delay transmit diversity (STCDTD), which is a combination of 2-antenna STTD and 2-antenna CDTD schemes, for orthogonal multi-code direct sequence code division multiple access (DS-CDMA) using FDE. We evaluate the BER performance and the throughput performance by computer simulation and compare them with the original CDTD and STTD schemes.
Introduction
High-speed and high-quality data transmissions are demanded in next generation mobile wireless communication systems. However, the wireless channel is composed of many propagation paths with different time delays, producing frequency-selective fading. In a frequency-selective fading channel, the bit error rate (BER) performance of single-carrier (SC) transmission significantly degrades due to a serve inter-symbol interference (ISI) [1] . In direct sequence code division multiple access (DS-CDMA), which is adopted in the third generation mobile communication systems, rake combiner is commonly used. However, for a data transmission of higher than a few tens of Mbps, a large inter-path interference is produced, and this deteriorates the BER performance. Recently, it was shown that frequencydomain equalization (FDE) based on the minimum mean square error (MMSE) criterion can obtain the frequency diversity gain and significantly improve the SC transmission performance [2] , [3] . We have shown that MMSE-FDE can also be applied to DS-CDMA [4] - [6] .
To further improve the BER performance, the use of transmit diversity technique is effective. We have shown that joint use of delay transmit diversity (DTD) [7] , [8] and MMSE-FDE can improve the BER performance in a weak frequency-selective fading channel [9] . As the number of propagation paths having different time delays increases, the channel frequency-selectivity gets stronger. This can be achieved by DTD which transmits the same signal from different antennas with different time delays. FDE can be used to exploit the channel frequency-selectivity to improve the transmission performance [9] . However, the use of DTD limits the performance improvement due to inter-block interference (IBI) caused by the time delay added at the transmitter. To avoid IBI, cyclic delay transmit diversity (CDTD) was proposed for MC-CDMA [10] . With CDTD, the same signal is simultaneously transmitted from different antennas after adding different cyclic delays. CDTD can also be applied to DS-CDMA with FDE [11] , [12] . We have shown [11] , [12] that CDTD can obtain a larger frequency diversity gain and achieve better BER performance than DTD. Space-time transmit diversity (STTD) [13] - [16] is another attractive transmit diversity technique that can obtain the antenna diversity gain. With increasing the number of transmit antennas, a larger antenna diversity gain can be obtained. However, 4-antenna STTD reduces the transmission data rate by 3/4 times [17] . In this paper, we propose a 4-antenna space-time cyclic delay transmit diversity (STCDTD), which is a combination of 2-antenna STTD and 2-antenna CDTD schemes. 4-antenna STCDTD can improve the BER performance since both the frequency diversity gain and antenna diversity gain are obtained without reducing the transmission rate unlike 4-antenna STTD. We apply 4-antenna STCDTD to multi-code DS-CDMA that can offer flexible variable data-rate transmissions by changing the number of parallel codes [15] . The remainder of this paper is organized as follows. In Sect. 2, we present STCDTD. In Sect. 3, the BER and throughput performances of STCDTD are evaluated by computer simulation, and compared with the original CDTD and STTD schemes. The paper is concluded in Sect. 4. Figure 1 shows the transmitter structure. At the transmitter, a binary data sequence is transformed into a data-modulated symbol sequence and divided into blocks of C · (N c /SF) data symbols each. Here, SF is the spreading factor, C is the number of parallel codes, and N c is the size of fast data symbol sequence {d i (m); m=0∼(N c /SF − 1)} in the ith (i=0∼C−1) parallel block is spread by an orthogonal spreading code {c i (t); t=0∼SF−1}. The resulting C parallel N c -chip blocks are added (code-multiplexing) and further multiplied with the scrambling code {c scr (t); t = . . . , −1, 0, 1, . . .}. The scrambling code is used to transform the code-multiplexed chip block into noise-like block. Figure 2 shows the STCDTD encoding for N c =8, ∆=1 as an example, where ∆ is the cyclic time delay. Two consecutive (even and odd) code-multiplexed N c -chip blocks are represented by {s e (t)} and {s o (t)} with the mth data symbol in the even (odd) block being denoted by d e(o),i (m), m=0∼(N c /SF − 1). Chip-spaced discrete time representation is used throughout the paper. The even (odd) N c -chip block {s e(o) (t)} is expressed using the equivalent baseband representation as
Transmission System Model

Transmit Signal
where E s represents the transmit signal energy per symbol, T c is the chip length and x denotes the largest integer smaller than or equal to x. Two consecutive N c -chip blocks, {s e (t)} and {s o (t)}, are STTD encoded [14] - [16] to form two STTD encoded streams as shown in Fig. 2 . Two streams are respectively copied to generate four streams. Then, cyclic delay is added to the 1st and 3rd STTD encoded streams to form STCDTD block streams. The even and odd N c -chip blocks, {s n,e (t)} and {s n,o (t)}, to be transmitted from the nth transmit antenna, are given as
Then the last N g chips in each N c -chip block are inserted as a cyclic prefix into the guard interval (GI). Figure 3 shows the receiver structure. The signals transmitted from each antenna go through a frequency-selective fading channel and are received at the receiver. The received chip block r e(o) (t) of even (odd) time interval is given as
Received Signal
where h n,l and τ l respectively represent the complex path gain and delay time of the lth path between the nth transmit antenna and the receiver, and η e(o) (t) is the noise component characterized by a zero-mean complex Gaussian process with a variance of 2N 0 /T c ; N 0 is the single-sided power spectrum density of additive white Gaussian noise (AWGN).
After the removal of the GI, the received chip block is decomposed into N c subcarrier components {R e(o) (k); k=0∼N c − 1} by applying N c -point FFT. The kth subcarrier component R e(o) (k) of r e(o) (t) is given as
where 
Joint FDE and STTD Decoding
Joint FDE and STTD decoding is carried out as [15] , [16] 
where w 0(2) (k) is the MMSE weight, which minimizes the mean square error (MSE) betweenŜ e(o) (k) and S e(o) (k),Ĥ(k) is the channel gain after joint FDE and STTD decoding (this is called equivalent channel gain) andΠ e(o) (k) is the noise. They are given by
, (7) where E s /N 0 is the signal energy per symbol-to-AWGN power spectrum density ratio.
Despreading
Then, despreading is performed on {r e(o) (t)} to obtain the decision variabled e(o),i (m), for data demodulation, aŝ
Computer Simulation
The simulation parameters are given in Table 1 . We assume QPSK data-modulation, N c =256 chips, N g =32 chips. The GI insertion is necessary for performing FDE. Therefore, longer N c is desirable so as not to significantly reduce the transmission efficiency or throughput. Block fading is assumed (FDE requires block fading); the path gains stay unchanged during one block period, but vary block by block. However, if N c is too long, the assumption of block fading may not hold. According to Ref. [9] , the BER performance is almost insensitive to the fading rate if the normalized maximum Doppler frequency f D (N c + N g )T c is smaller than 0.01 (this corresponds to a terminal moving speed of 750 km/h for a chip rate 1/T c of 100 Mchip/s and a carrier frequency of 5 GHz for an FFT size of N c =256 chips and a GI length of N g =32 chips). We have confirmed by computer simulation that, in the case of full codemultiplexing (SF=C), the BER performance is always insensitive to SF and therefore, we assume SF=C=256 (full code-multiplexing) below. A frequency-selective Rayleigh fading channel having an L=16-path exponential power delay profile Ω(τ) with decay factor α dB α(≥ 1) is assumed. Ω(τ) is defined as where
denotes the ensemble average operation). We assume that the time delay τ l of the lth (l = 0∼L − 1) path is l chips, and hence the maximum time delay τ L−1 is shorter than the GI length N g (i.e., τ L−1 < N g ) when L=16 and N g =32. Ideal sampling timing and ideal channel estimation are assumed. Figure 4 shows the equivalent channel gain after FDE of CDTD, STTD and STCDTD for the case of L=16, α=5 dB, E b /N 0 =12 dB and the number N t =4 of transmit antennas. For CDTD and STCDTD, cyclic delay of ∆=32 chips is used since the use of ∆=32 chips was found by our preliminary computer simulation to minimize the BER. When N t =1, the equivalent channel gain drops over an interval of several subcarriers (Fig. 4(a) ). 4-antenna CDTD can strengthen the frequency-selectivity of the channel since the equivalent number of paths increases by 4 times (Fig. 4(b) ). However, sometimes deep drops of the channel gain are seen. These deep drops can be avoided by 4-antenna STCDTD (Fig. 4(d) ). It is interesting to note that 4-antenna STTD can achieve almost a flat channel gain (Fig. 4(c) ). This suggests that 4-antenna STTD provides the best BER performance among the three 4-antenna transmit diversity schemes. Figure 5 compares the average BER performance of 4-antenna CDTD, STTD and STCDTD with decay factor α as a parameter when SF=C=256. The case of α = ∞ dB is equivalent to the single path case. As α decreases, a larger frequency diversity gain is obtained, and hence the BER performance improves for all schemes. As was anticipated, STTD provides the best BER performance followed by STCDTD. This can be clearly understood from Fig. 4 ; STTD achieves almost a flat channel gain over the entire frequency range. However, the data rate offered by 4-antenna STTD is reduced to 3/4. On the other hand, there is no data rate reduction in 4-antenna CDTD and STCDTD. Therefore it is interesting to compare the throughputs of STTD and STCDTD. The throughput comparison of STTD and STCDTD is shown in Fig. 6 . The throughput S is defined as
where R is the transmit diversity coding rate (R=3/4 for STTD and R=1 for STCDTD), M is the modulation level, PER is the packet error rate. The maximum throughput is obtained when PER=0. 
Conclusion
In this paper, we proposed a 4-antenna space-time cyclic delay transmit diversity (STCDTD) which is a combination of 2-antenna STTD and 2-antenna CDTD, for multi-code DS-CDMA using FDE. We evaluated the BER performance of 4-antenna STCDTD by computer simulation and compared them with those of 4-antenna CDTD and 4-antenna STTD. STTD gives the best BER performance due to 4-branch antenna diversity gain. The throughput performances of STCDTD and STTD were also compared. It was shown that the single use of STCDTD or STTD does not always provide the best throughput performance; either STCDTD or STTD should be selected depending on the E s /N 0 value. In this paper, we considered the uncoded case. The throughput performance of hybrid automatic repeat request (HARQ) with STCDTD is an interesting future study.
